Abstract-Contrary to stance-phase dorsiflexion of conventional prosthetic feet, the microprocessor-controlled Proprio foot permits swing-phase dorsiflexion on stairs. The purpose of this study was to compare Symmetry in External Work (SEW) between a microprocessor-controlled foot and conventional prosthetic feet in two groups with unilateral transtibial amputation (Medicare Functional Classification Levels K-Level-2 and K-Level-3) during stair ascent and descent. Ten subjects were evaluated while wearing three conventional prosthetic feetsolid ankle cushion heel (SACH), stationary attachment flexible endoskeleton (SAFE), and Talux-and the Proprio foot using a study socket and were given a 10-to 14-day accommodation period with each foot. Ground reaction forces were collected using F-scan sensors during stair ascent and descent. The SEW between the intact and amputated limbs was calculated for each foot. During stair ascent, the Proprio foot resulted in a higher interlimb symmetry than conventional prosthetic feet, with significant differences between the Proprio and SACH/SAFE feet. The swing-phase dorsiflexion appeared to promote greater interlimb symmetry because it facilitated forward motion of the body, resulting in a heel-totoe center of pressure trajectory. During stair descent, all feet had low symmetry without significant differences between feet. The movement strategy used when descending stairs, which is to roll over the edge of a step, had a greater influence on symmetry than the dorsiflexion features of prosthetic feet. 
INTRODUCTION
The kinematics and kinetics of lower-limb joints during stair ambulation are different from those during level walking [1] . The majority of prosthetic feet are designed with an emphasis on level-ground gait and do not consider the biomechanics of functional activities such as ascending and descending stairs. While the physiological ankle can actively dorsiflex up to 27° during movement on stairs [1] [2] , prosthetic feet with solid ankle designs are fixed at 90° and those with articulated ankles and Jshaped ankle springs vary the amount of functional dorsiflexion based on their design. The Proprio foot (Össur Inc; Reykjavik, Iceland) consists of a microprocessorcontrolled ankle that can dorsiflex up to 4° during stair ascent and descent. Alimusaj et al. recently reported that the active dorsiflexion of the Proprio foot/ankle during the swing phase of stair negotiation improved knee kinematics and kinetics compared with a fixed ankle that allowed no active motion [3] . However, it is unknown whether the swing-phase dorsiflexion feature of the Proprio foot offers any advantage to users with unilateral transtibial amputation (TTA) over conventional prosthetic feet with varying degrees of stance-phase dorsiflexion during stair ascent and descent.
Few studies comparing the effects of prosthetic feet on stair mobility have been published. Torburn et al. calculated the stride characteristics of 10 subjects with traumatic amputation using five prosthetic feet during stair ascent and descent [4] . The stride characteristics were calculated by means of foot switches as subjects ascended and descended a 4-step portable staircase. During ascent, the Flex Foot (Össur Inc) and Carbon Copy Foot (The Ohio Willow Wood Co; Mt. Sterling, Ohio) resulted in a more symmetrical gait (ratio: 1.03 and 1.05, respectively) only during the initial double-limb support phase and were significantly different than the solid ankle cushion heel (SACH) foot (ratio: 1.3). During stair descent, no significant differences in stride characteristics were found among prosthetic feet. Torburn et al. concluded that none of the five test feet was clinically more advantageous for stair ambulation. Yack et al. studied the lower-limb joint moments and powers during stair ascent with three different prosthetic feet [5] . They concluded that subjects with amputation use a hip-extensor dominant strategy on the amputated side during stair ascent, and dynamic response (DR) feet (Flex Foot and Re-Flex VSP [Össur Inc]) are advantageous over a SACH foot because they reduce the moments and power generation at the hip joint. The only study using a microprocessorcontrolled foot for stair negotiation was published by Alimusaj et al., who tested the Proprio foot with its active dorsiflexion feature, the "stair mode," turned on and turned off [3] . They reported a significant change in the hip and knee moments between the two conditions for both stair ascent and descent. They concluded that the active dorsiflexion feature improves the knee kinetics and kinematics on the amputated side during stair ambulation. While comparisons between DR and non-DR feet have been reported, no studies have investigated the differences in stair ambulation between a microprocessorcontrolled foot and conventional prosthetic feet in those with TTA at two distinct functional levels.
In the United States, the Medicare Functional Classification Level (MFCL) classifies mobility of people with lower-limb loss into five functional levels, primarily based on their potential to ambulate with a prosthesis (Table 1 ) [6] [7] . Subsequent to recommendations by manufacturer representatives and invited advisors, the Centers for Medicare and Medicaid Services committee assigned prosthetic feet to a specific MFCL K-Level (categories K1-K4 feet) based on their mechanical properties ( Table 1 ). In the majority of cases, a person with amputation's functional classification dictates the respective category of prosthetic foot prescribed and worn.
Because of the variability in functional dorsiflexion characteristics of prosthetic feet, those with unilateral TTA may employ altered strategies to ascend and descend stairs with different prosthetic feet. Schmalz et al. have demonstrated higher forces through the intact limb joints and asymmetrical movement between limbs with a 1D25 prosthetic foot (Otto Bock; Duderstadt, Germany) and concluded that concurrent prosthetic feet did not provide sufficient dorsiflexion-plantar flexion during stair negotiation [8] . Currently, there is little evidence to conclusively determine the potential adversities in TTA associated with stair ambulation, such as falls, increased forces on the intact limb, or kinetic asymmetry leading to degenerative joint disease. While the negative effects of asymmetry have never been documented in this population, there are concerns about the long-term clinical risks. For example, people with lower-limb amputation have a significantly higher prevalence of degenerative joint diseases in the contralateral knee and lower back pain [9] . While a causal relationship to asymmetries has never been well established, the inference that a relationship may exist has been described previously in the literature [10] . If asymmetry is a contributor to reduced functional mobility, decreased balance, and the risk of degenerative joint disease related to overuse, then the goal of achieving symmetry may have a distinct clinical value. Symmetry in External Work (SEW) is a biomechanical measure that can detect interlimb kinetic asymmetry during stair ascent and descent [11] . In this measure, external work done by the intact and prosthetic limbs is calculated by integrating ground reaction forces (GRFs) and center of mass (COM) displacement over a step [12] . This measure has the potential to be made clinically friendly because it can assess amputation gait kinetics with minimal resources and in the everyday environment. During level walking, the SEW measure has been shown to successfully differentiate gait asymmetry between prosthetic feet having diverse designs and functional properties [12] . The purpose of this study was to compare the effect of functional prosthetic ankle dorsiflexion on SEW values between a microprocessor-controlled foot and three conventional prosthetic feet in two groups with unilateral TTA (MFCL K-Level-2 and K-Level-3) as they ascended and descended a staircase with 11 steps.
METHODS
Subjects with unilateral TTA were eligible to participate in the study if they met the following inclusion criteria: male or female; aged between 40 and 65 yr; comfortably fit with a prosthesis for a minimum of 6 mo; unilateral lowerlimb amputation secondary to peripheral vascular disease (PVD), traumatic event, or tumor; could ambulate with prosthesis on level surface with a consistent cadence for a minimum of 200 m; could safely negotiate stairs; and could tolerate all study procedures. Individuals were excluded from study participation if they currently weighed more than 115 kg (255 lb); had contractures at the hip, knee, or ankle joints; presented with wound or partial foot amputation on the contralateral intact limb; presented with a poorly fit prosthesis; presented with open wound or blisters to the residual limb; had poor control of diabetes mellitus and/or severe neuropathy of the intact foot as determined by a Semmes-Weinstein monofilament; or presented with arthritis and/or cardiopulmonary disease limiting their ability to perform study activities and standardized functional prosthetic gait training.
Informed written consent was obtained from all subjects prior to study participation. The study physician assessed current and past medical conditions of each subject, including foot examination, neuropathic assessment, vascular assessment, and foot ulceration history. A prosthetist inspected the subjects' residual limbs for any limitations that would cause pain, prohibit prosthetic wear, or put subjects at risk throughout the course of the study. Subjects started the experimental procedure only after receiving clearance by the study physician and prosthetist. The test-retest reliability of the measurement instrument (F-scan sensors) during stair negotiation was determined by testing five subjects with unilateral TTA ( Table 2) twice over a 48 to 72 h period, and SEW was determined for each session. The mean ± standard deviation (SD) age and time since amputation for these subjects was 54 ± 7.1 yr and 3.4 ± 1.8 yr, respectively. Vertical GRFs were collected with the F-scan sensors as subjects ascended and descended an 11-step test staircase with a step height of 17 cm and step tread of 28.5 cm. Subjects wore standardized shoes and socks throughout the testing procedure, and data collection with Fscan sensors was performed using previously validated procedures [13] [14] . The SEW values for stair ascent and descent were computed using the equation described later. Three representative strides obtained after the fourth step were used to calculate a mean SEW value between limbs, and the intraclass correlation coefficient (ICC) between test and retest sessions was determined. For both the ascending and descending activities, ICC was found to be 0.84, which is similar to the reliability of F-scan sensors published during level walking.
To compare the microprocessor-controlled foot with conventional prosthetic feet, a sample of 10 individuals with TTA were enrolled ( Table 3) . Five subjects had an amputation because of PVD and five had an amputation caused by either trauma or tumor. Subjects were classified as MFCL K-Level-2 or K-Level-3 based on a mean ± SD Amputee Mobility Predictor (AMP) score of 37.0 ± 2.0 and 43.2 ± 1.3, respectively [7] . The K-Level-2 subjects had a mean ± SD age of 60.6 ± 2.1 yr and time since amputation of 3.0 ± 1.5 yr, while the K-Level-3 subjects had a mean ± SD age of 51.0 ± 5.8 yr and time since amputation of 16.0 ± 17.5 yr. The K-Level-2 and KLevel-3 subject groups were significantly different in terms of their mean age and AMP scores. Each subject received a study socket fabricated using a computer-aided design image (BioSculptor software, Maramed Inc; Miramar, Florida) of the subject's residual limb that was modified by the study prosthetist to ensure optimal fit. A suction suspension mechanism with either an Iceross Seal-in liner (Össur Inc) or a cushion liner and external sleeve was used for all subjects. Each participant tested four prosthetic feet: SACH, stationary attachment flexible endoskeleton (SAFE), Talux feet (conventional prosthetic feet), and Proprio foot (microprocessorcontrolled foot). Subjects received standardized functional prosthetic gait training with their existing socket and foot as well as with the study socket and test feet. For stair ascent, subjects were instructed to place the foot on a step, exert a downward force while extending the hip and knee to raise the body, and place the contralateral limb on the next step in a controlled manner. All subjects were able to ascend and descend the stairs leg-over-leg and were instructed to hold onto the handrail for safety and not as a means to assist with the maneuver. Cues were given to assist with the maneuver when necessary, such as "place as much of the foot on the step as possible," "keep the trunk flexed forward and keep the movement continuous," and "don't hesitate."
Stair decent training varied slightly with the type of foot. The SACH and SAFE feet have rigid ankles that limit the dorsiflexion that occurs as the stance-limb knee flexes to lower the body to a subsequent step. Therefore, the technique selected to accommodate for the absence of Table 2 .
Demographic characteristics of 5 test subjects used to determine testretest reliability of F-scan sensors during stair negotiation.
* Numbers have been rounded to nearest whole number. F = female, L = left, M = male, PVD = peripheral vascular disease, R = right. Table 3 . Demographic characteristics of study subjects. ankle dorsiflexion required that approximately one-half of the prosthetic foot extend over the step so that prosthetic foot could "roll-over" the edge of the step, permitting a smooth transition as the contralateral limb descends to the next step. The J-shaped pylon of the Talux foot allows relatively greater dorsiflexion, and as a result, subjects were trained to place more of the prosthetic foot on the step. With the active dorsiflexion feature of the microprocessor-controlled foot, subjects were trained to retain a greater portion of the prosthetic foot on the step while achieving a smooth transition to the next lower step.
The objective of standardized training with a subject's existing socket and foot was to minimize deviations resulting from habit or lack of training, while the objective of training with each test foot was to enable the subject to maximize use of the mechanical properties of each foot during stair negotiation. At each training session, a subject's movement proficiency was assessed on predefined criteria, which included rating on a 4-point ordinal scale: (1) unable (to perform the activity), (2) minimal level, (3) with difficulty, and (4) without difficulty. Subjects were trained only in areas in which training was needed, and training was concluded when they satisfactorily performed the activities without difficulty. All training sessions were standardized and administered by the same physical therapist that specialized in the treatment of those with lower-limb amputation.
Comparison between the test feet involved six testing sessions, during which GRF data were collected using the previously mentioned procedure. At the baseline testing session (session 1), subjects used their existing prostheses to perform the stair ascent and descent activities. Following session 1, they received up to 4 h of specialized training over a 2 wk period. In session 2 (training session), the effect of prosthetic training on movement biomechanics was assessed in the subject's existing socket and foot. Subsequently, subjects were fit with the study socket and a randomly selected prosthetic foot. During the 10 to 14 d accommodation period with this foot, subjects received at least 1 h and up to 4 h of training to maximize the use of this foot. The accommodation period was determined based on clinical judgment because the time required for those with unilateral TTA to accommodate to a prosthesis has not been published in the literature. A 2 wk period was deemed suitable for subjects who were greater than 6 mo postamputation, stable medically, and had undergone adequate training. Session 3 thus measured the effects of the first prosthetic foot on a subject's movement biomechanics. At the end of session 3, subjects were fit with the second randomized test foot and were given appropriate training in the 10 to 14 d accommodation period. During session 4, effects of the second test foot were measured. The third and fourth feet were tested using the same training and testing procedures.
Work done by the vertical GRF and the resulting COM displacement was calculated using a line integral as described by Agrawal et al. [12] . Symmetry index (SEW value, expressed in percentage) between the intact and prosthetic limbs was calculated using the following equation (Equation (1)):
where W 1 = work done by intact limb (in joules) and W P = work done by prosthetic limb (in joules).
A SEW value of 100 percent indicates equal work by each limb, a value greater than 100 percent indicates more work by the prosthetic limb, and a value less than 100 percent indicates more work by the intact limb. A repeated-measures analysis of variance was used to determine differences in symmetry indices between sessions and a significance level of p < 0.05 was adopted. Table 4 shows the mean ± SD SEW values during stair ascent and descent for both subject groups at the six testing sessions. Table 5 presents the mean difference in SEW values between the microprocessor-controlled foot and conventional prosthetic feet. For both subject groups, standardized training did not result in a significant change in work symmetry during ascending or descending stairs. During stair ascent, the Proprio foot exhibited greater interlimb symmetry than the SACH and SAFE feet in both subject groups. The Proprio foot also resulted in a higher mean symmetry value than the Talux foot in both groups during stair ascent; however, the differences between feet were not statistically significant. While descending stairs, all the test feet yielded low symmetry indices, indicating a higher dependence on the intact foot during this activity.
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DISCUSSION
The number of research studies investigating amputation gait on stairs is limited, with only one article published with the microprocessor-controlled foot [3] . Torburn et al. concluded that the gait of subjects with TTA on stairs is different from nonamputation gait, primarily because those with amputation prefer to spend more time on the intact limb [4] . The asymmetrical SEW values obtained in our study, during the majority of stair ascent sessions and particularly during stair descent, corroborate the conclusion made by Torburn et al. [4] . Contrary to conventional feet, the microprocessor-controlled foot resulted in significantly greater SEW values between the lower limbs during stair ascent. However, during stair descent, the interlimb symmetry with the Proprio foot was not significantly better than conventional prosthetic feet. Since the DR characteristics of prosthetic feet have not been shown to be advantageous while negotiating stairs, the swing-phase dorsiflexion of the microprocessor-controlled foot seems to promote kinetic symmetry between the lower limbs while ascending stairs [4] .
The study protocol was designed to minimize the influence of confounding variables on amputation gait. The standardized functional prosthetic gait training given to subjects between sessions 1 (baseline) and 2 (training) was intended to reduce deviations, resulting from habit or lack of training, while negotiating stairs. Prosthetic training with each test foot ensured that subjects could maximize the use of functional properties of each foot. The four test feet were selected to represent each MFCL category: 1. K1: SACH foot, identified by name in the Durable Medical Equipment Regional Carrier (DMERC) prosthetic policy definition of foot/ankle assemblies [6] . 2. K2: SAFE foot, a truly flexible keel foot. Table 4 . Mean ± standard deviation Symmetry in External Work (SEW) value of K-Level-2 and K-Level-3 subjects with amputation while ascending and descending 11-step staircase.
* Össur Inc; Reykjavik, Iceland. SACH = solid ankle cushion heel, SAFE = stationary attachment flexible endoskeleton. Table 5 . Mean difference in Symmetry in External Work (SEW) values between microprocessor-controlled foot and conventional prosthetic feet while ascending and descending stairs. 3. K3: Talux foot, a Flex Foot with J-shaped DR design (also named in DMERC) combined with multiaxial capabilities because of the elastomer block ankle. 4. K3: Proprio Foot, microprocessor-controlled ankle that provides active dorsiflexion during swing. By classifying the subjects in K-Level-2 and K-Level-3 groups, we ensured that factors related to age or functional level did not confound the results. The differences in gait symmetry found between prosthetic feet could therefore be attributed only to the design differences between the categories of prosthetic feet.
Ascending Stairs
Alimusaj et al. investigated the biomechanics of stair ascent using the Proprio foot with its dorsiflexion feature turned on and turned off [3] . They concluded that the dorsiflexion feature of the Proprio foot improves knee kinematics and kinetics of the prosthetic limb. Results of this study provide evidence that the microprocessor-controlled ankle results in greater work symmetry than conventional prosthetic feet. The higher SEW values can be attributed, in part, to a greater symmetry in vertical GRFs between the intact and prosthetic limbs. Typically, during bipedal stair ascent the GRF curve is similar to the M-shaped curve seen in level walking, with a minor difference in magnitude of the first peak [15] [16] . However, in those with TTA using conventional prosthetic feet, the first vertical GRF peak with the intact limb was found to be significantly greater than the prosthetic limb [8] . The higher magnitude of GRFs can be attributed to the subject falling off the prosthetic foot on to the intact limb, thus resulting in greater than normal impact forces [8] . The premise of falling on to the intact limb is supported by Torburn et al., who reported an early initial contact of the intact limb and a shortened single-limb support time on the prosthetic limb with conventional prosthetic feet [4] . In subjects without amputation, active ankle dorsiflexion and plantar flexion results in a knee dominant strategy [5] , which ensures forward and upward displacement of body COM. In the absence of active ankle dorsiflexion/plantar flexion with conventional prosthetic feet, those with TTA ensure a sufficient vertical position of the COM by employing a hip-extensor dominant strategy with the prosthetic limb [5, 8] . The hip-dominant strategy with the prosthetic limb and asymmetrical stance times between the limbs are potential factors that also contributed to lower SEW values with conventional prosthetic feet. The microprocessor-controlled foot has been shown to improve hip and knee kinematics [3] and possibly promotes similar stance times with both limbs, resulting in higher SEW values.
The ability of a prosthetic foot to dorsiflex during stance or swing phase and hence allow forward movement of COM appears to be a major contributor to interlimb kinetic symmetry. While the SEW values for the SACH and SAFE feet were comparable, the Talux foot resulted in a relatively higher symmetry. The Figure provides sample images from the F-scan sensors from identical stance periods during stair ascent. These composite images are generated automatically by the F-scan sensor software at the conclusion of each trial by combining multiple frames throughout stance and creating the center of pressure (COP) trajectory. The SACH and SAFE feet have nonarticulated ankles that permit very limited dorsiflexion during the stance phase and thus limit the forward motion of the body over the foot. Conversely, the Talux foot's J-shaped ankle spring design imparts flexibility to its ankle, which allows relatively greater dorsiflexion [17] and thus easier forward movement of body COM over the prosthetic and intact forefoot. The 4° of active dorsiflexion with the Proprio foot used in this study facilitated the forward motion of the COM, resulting in a COP trajectory comparable with that of the intact foot. The degree of dorsiflexion for each prosthetic foot can vary depending on the predetermined foot and/or socket alignment, as determined by the prosthetist. The effects of different prosthetic alignment configurations between feet have not been described in the literature but may influence stair ascent and descent symmetry.
There may be two benefits to the active dorsiflexion of the Proprio foot during the swing phase of stair ascent. First, as the foot lands in a preset dorsiflexed position, it permits unimpeded forward continuation of the body COM over the stance limb, which results in a heel-to-toe COP trajectory. Second, improved kinematics from the increased dorsiflexion and resultant knee flexion [3] potentially facilitates improved muscular effort of the stance limb to maintain the upward and forward momentum of body COM as it proceeds to the next step. Conversely, in conventional prosthetic feet and J-shaped foot designs, the foot lands flat on the step with the ankle at a neutral 90° angle (0° dorsiflexion). This requires the subject to either slow the COM progression until enough body weight is over the ankle to promote dorsiflexion or to adopt a different strategy, such as ascending stairs with initial contact at the midfoot or forefoot (toe walking). 
Descending Stairs
During stair descent, the SEW values were quite similar among the prosthetic feet, with consistently low symmetry indices. A similar result was presented by Torburn et al. in a comparison of five prosthetic feet [4] . They concluded that none of the feet improved symmetry during stair descent. While descending, the peak vertical GRF on the intact limb can reach up to 1.5 times body weight compared with the prosthetic limb, where the peak vertical GRF is approximately equal to the body weight [8] . None of the test feet resulted in a significant change in the vertical GRFs or stance times between limbs or the strategies used for stair descent.
Contrary to the results of our study, Alimusaj et al. reported significant differences in knee kinematics and kinetics while descending stairs [3] . The differences can be attributed to the strategy used by those with TTA while descending stairs. Because of a lack of active dorsiflexion at the prosthetic ankle of conventional feet, subjects were trained to place the midfoot on the edge of the step while continuing to roll over the step. While this method of descending stairs may not be the most efficient, it represents the best strategy for those with amputation to successfully execute this activity. With the Proprio foot, the training was modified to accommodate the dorsiflexion feature of the ankle during stair descent. The similar SEW values suggest that regardless of the specialized Proprio training, subjects returned to adopting the same strategy of rolling over the edge of the step even with the Proprio foot.
Several limitations were identified in this study. The altered strategies employed by the subjects while descending stairs suggest the possibility of work calculation limitations only for this task because of the shortcomings of current in-sole sensor technology. Since the F-scan sensors are capable of measuring only the normal forces applied to the sensor, movement of the prosthetic foot over the edge of the step may have resulted in GRFs having a substantial shear component. The SEW results during stair descent should therefore be interpreted and weighed appropriately. This strategy of rolling over the edge of the step during stair descent presents a significant challenge in the measurement of GRFs with commercially available instrumentation. However, with some error, the SEW measure was able to quantify the asymmetry that was apparent during stair descent. An advantage of determining interlimb symmetry with measures like the SEW-as opposed to comparing movement kinetics in subjects without amputation-is the ability to quantify similarity in strategies used by the intact and prosthetic limbs to move the body during the stair negotiation. The absence of motion-capture data restricted our ability to determine the joint kinematics, which limited the discussion to clinical observation and findings published in the literature. All prosthetic fitting and alignment procedures were performed by the same board-certified prosthetist using standard protocols as stated in the manufacturer's technical manual. At the time of data collection, there were no commercially available, reliable, and valid devices that could quantify dynamic alignment of a prosthetic foot.
CONCLUSIONS
During stair ascent with unilateral TTA, the microprocessor-controlled Proprio foot resulted in greater interlimb work symmetry than conventional prosthetic feet. Prosthetic feet that can facilitate forward COM movement, by dorsiflexing at the ankle either during the stance or swing phase of stair ascent, have the potential to promote work symmetry between limbs. During stair descent, the strategy of rolling over the edge of the step with the prosthetic foot resulted in an asymmetrical movement pattern, which was similar between the microprocessor-controlled foot and conventional prosthetic feet. Therefore, individuals with unilateral TTA who function at either K-Level-2 or K-Level-3 and have to negotiate stairs on a regular basis, within their home, community, or work environment, may benefit from the use of the Proprio foot or other microprocessor-controlled feet that allow active dorsiflexion during swing. 
